Fluorescence of laser created electron-hole plasma in graphene 
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We present an experimental observation of non-linear up- and down- converted optical lumines- 
cence of graphene and thin graphite subject to picosecond infrared laser pulses. We show that 
the excitation yields to a high density electron-hole plasma in graphene. It is further shown that 
the excited charge carries can efficiently exchange energy due to scattering in momentum space. 
The recombination of the resulting non-equilibrium electron-hole pairs yields to the observed white 
light luminescence. Due to the scattering mechanism the power dependence of the luminescence is 
quadratic until it saturates for higher laser power. Studying the luminescence intensity as a func- 
tion of layer thickness gives further insight into its nature and provides a new tool for substrate 
independent thickness determination of multilayer flakes. 
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Due to its very unique properties graphene became a 
playground for studying fundamental aspects of relativis- 
tic charge carries confined in 2D [J-Q. This has led to 
insight into the electronic properties of graphene which is 
already far advanced [4]. However, the knowledge on its 
optical properties is still surprisingly narrow and mainly 
limited to reflection and absorption measurements [5- 
transmission studies [lol, or Raman spectroscopy 
|12Ml5|. Here we report on a spectrally broad (several 
hundred nanometers) non-linear fluorescence of pristine 
graphene subject to picosecond laser irradiation. The 
qualitative model we provide is based on a high density 
electron-hole plasma where charge carriers can effectively 
gain or lose energy upon collision. The recombination of 
this plasma then leads to the fluoresence which is blue- 
and red-shifted with respect to the excitation wavelength. 
We further show that the blue-shifted part of the lumi- 
nescence can be used for high-resolution, high-contrast 
imaging and thickness determination of single- and mul- 
tilayer graphene flakes. We anticipate our work to be the 
starting point of a new field of graphene-related research 
combining the electronic properties of graphene with the 
fields of nano-photonics and relativistic plasma physics 
giving insight into dynamics of relativistic 2D electron- 
hole plasma. 

Since its experimental realization [2] much attention has 
been devoted to graphene from both physics and device 
research communities. This has resulted in many intrigu- 
ing experiments rangin g fo r example from the anomalous 
quantum Hall effect ll6|, ll7| to the Klein paradox [l8| 
and phase-coherent transport [l9|. At the same time, 
optoelectronic applications like graphene based photode- 
tectors are a newly emerging field [20|. However, despite 
the fact that other low-dimensional carbon allotropes like 
carbon nanotubes 2l|, [S^ or fullerenes 23|, HJ] show fas- 
cinating non-linear optical properties this area so far has 
remained unexplored in the case of graphene. While 
Raman studies or reflection measurements prove to be 



valuable for imaging and identifying appropriate flakes 
they do not reveal insight into the inherent luminescence 
properties of graphene. To our knowledge, so far fluo- 
rescence from individual graphene layers was only seen 
for example after oxygen treatment [25] but not for pris- 
tine graphene. Here, we present intrinsic fluorescence 
from pure graphene. Surprisingly, fluorescence based 
imaging proved to be far superior to existing methods 
like Rayleigh imaging (26j, reflection and contrast spec- 
troscopy [7], Raman spectroscopy 27|, or fluorescence 
quenching microscopy j28| due to the absence of fluores- 
cence background from the substrate and impurities. 
Graphene flakes were prepared by mechanical exfoliation 
of highly oriented pyrolytic graphite (HOPG) Q and 
subsequently transferred to suitable substrates. The two 
substrates mostly used in our studies were glass (150 /im 
thickness) and Si/Si3N4 (100 nm of nitride layer thick- 
ness). However, the same type of measurements show- 
ing similar results were performed with graphene on di- 
amond, Si/Si02 (300 nm of dioxide layer thickness), and 
sapphire substrates. The output of a Kerr-lens mode- 
locked Ti: Sapphire laser was used for luminescence exci- 
tation after being passed through a single-mode photonic 
crystal flber resulting in a total pulse length of 7 ps and 
a spectral width of 20 nm. The excitation wavelength 
could be tuned from 800 nm to 900 nm. The wavelength 
mostly used in this studies was 820 nm, however other 
wavelength showed similar results. Confocal measure- 
ments were carried out in a home-build confocal micro- 
scope. The parallel laser beam was focused onto the sam- 
ple by using either a 1.3 NA oil immersion objective or 
a 0.85 NA air objective resulting in a diffraction limited 
spot. The sample was mounted on a 3D nano-positioning 
stage. The fluorescence light was separated from the laser 
light by a 50/50 beam splitter and send through a 100 /im 
pinhole for spatial flltering which allows only the in-focus 
portion of the light to be detected. Images were recorded 
by an avalanche photodiode (APD) with the light spec- 
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FIG. 1. Emission spectra of a single graphene layer under 
picosecond excitation of 820 nm wavelength. The periodic 
modulation on top of the spectrum is due to multiple reflec- 
tions inside the optical elements of the setup and can therefore 
be considered an artifact. The gap from 800 nm to 900 nm is 
due to optical filters blocking the excitation light. The inset 
shows the dependence on laser power. 



trally filtered by a 100 nm wide bandpass fiter centered 
around a wavelength of 700 nm. Spectra were acquired 
by a grating spectrometer equipped with a cooled CCD 
camera after blocking the excitation light by either a 780 
nm shortpass or a 905 nm longpass filter. The spectrum 
of the observed graphene luminescence is shown in Figure 
[T] together with its dependence on incident laser power. 
In these measurements, a diffraction limited pulsed laser 
beam (A = 820 nm, r = 7 ps) is optically exciting the 
graphene while the luminescence is detected by a grating 
spectrometer (For further details see experimental sec- 
tion). The graphene emission is a spectrally broad lumi- 
nescence which peaks at the laser excitation wavelength 
and extends a few hundreds of nanometers in both the 
blue- and the red-shifted spectral region. To clarify the 
origin of this emission, we studied the influence of sev- 
eral key parameters. The intensity of the luminescence 
is dependent on the number of graphene layers and is 
roughly proportional to it for thin flakes. This suggests 
that no photochemical reactions due to surface states are 
involved as otherwise only the top layer would have con- 
tributed to the emission. This is also confirmed by the 
fact that the emission spectrum is independent of the 
substrate material used on either side of the graphene. 
The substrates of this study include diamond, sapphire, 
Si02, Si3N4 and glass examinated by oil and air objec- 
tives. Also, no change on the spectrum could be observed 
upon cooling to 4 K. The effects of rapid local heating 
of graphene by the laser pulse can also be disregarded 
since the black-body radiation would correspond to lo- 
cal temperatures on the order of a few thousand Kelvin 
and, consequently, burning graphene in contact with air. 
Furthermore, spectra were taken for different excitation 
pulse energies ranging from 2 pj to 40 pJ, but no spectral 



shift of the luminescence was observed. At the same time, 
the absence of the defect induced D-line in the Raman 
spectrum after illumination indicates that no damage was 
inflicted onto the flake. The fact that the emission life- 
time appears to be shorter than the time resolution of the 
setup (1 ns) supports the idea that emission is caused by 
ultra-fast electronic processes. Finally, we considered the 
influence of incident laser power density on the intensity 
of the emission. While for lower power densities P the 
intensity depends quadratic on laser power (green line in 
Figure [1]) it saturates for higher power densities follow- 
ing a dependence like / cx log(l + (P//o)^) (blue line in 
Figure [1]) . 

It is known that optical absorption of graphene is 2.3% 
in the wide range of frequencies from mid-IR to near-UV 
[5]. Each absorbed photon of frequency uj would pro- 
duce an electron-hole pair with the energy being equally 
split between the electron and the hole. A 30 pJ laser 
pulse of 800 nm wavelength being focused into a nearly 
diffraction-limited spot of 500 nm in diameter would re- 
sult in creation of 2.8 x 10^ relativistic mono-energetic 
electron-hole pairs corresponding to one pair per benzene 
ring. In such a high-density plasma electrons and holes 
would inevitably collide. The peculiarity of the situa- 
tion is that electrons and holes interact via instantaneous 
Coulomb potential (probably, screened by plasma) even 
though they are relativistic, i.e. massless [4]. Neglecting 
screening effects, the classical Hamiltonian describing the 
interaction of two massless charges qi^2 can be written as 
follows: 



H = vf {\pi\ 



\P2\ 



QiQ2 



Xi - X2 
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where pi^2 and Xi^2 are the momenta and the positions of 
the corresponding particles and vp is the Fermi velocity. 
It is known from plasma physics, that energy exchange 
between scattering particles can be very efficient if they 
are having equal masses (electron-electron collisions), 
but very inefficient for particles of substantially different 
masses (electron- ion collisions). By analyzing the equa- 
tions of motion deduced from Hamiltonian ([T]), it can 
be shown that electrons and holes can efficiently gain or 
lose momentum and, consequently, energy even after a 
single collision (see Supplementary Information for more 
details). Thus, originally mono-energetic distribution of 
electrons and holes will diffuse in momentum and energy 
space as shown in Figure [2l Finally, scattered electrons 
and holes can recombine giving rise to fluorescence 
shifted to the blue or to the red depending on the 
energy gain or loss. The described qualitative model 
explains all the above observations. The quadratic 
power dependence of the fluorescence follows from the 
fact that the number of scattering events is proportional 
to the number of scattering particles and the number of 
scatterers, i.e. to the square of the electron-hole plasma 
density. Saturation behavior at high laser power densi- 
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FIG. 2. Schematic representation of the 2D dispersion rela- 
tion of graphene. The gray arrow shows the optical excitation 
of initially monoenergetic electron-hole pairs. Collisions lead 
to a broadening of the energy distribution as shown by the 
green and red curves on the right. Recombination of shifted 
electron hole pairs leads a broad fluorescence centered around 
the excitation energy. 



ties naturally follows from saturation of the excitation 
transition, when all the electrons of energy —fujo/2 are 
promoted from the valence band into the conduction 
band and the plasma density can no longer increase. 
Studying the dependence of this fluorescence on the 
number of layers yields further insight into its properties. 
In Figure [3] we compare the atomic force microscopy 
(AFM) image with the image taken by mapping of the 
blue-shifted part of the fluorescence of the same flake 
consisting of several different parts with thicknesses 
ranging from a single layer to approximately 20 layers. 
By this we can assign each layer a certain intensity of 
the upconverted fluorescence. To further understand 
this layer dependence we introduce a simple bulk model 
describing each component of the sample by its complex 
refractive index [29^ (see inset of Figure S] and Supple- 
mentary Information for details). Here, for simplicity we 
limit ourself to the case of graphene on glass substrate. 
However, we successfully modified the model to describe 
the thickness dependence of the luminescence for any 
dielectric substrate including Si3N4 or Si02 on silicon 
substrate. The laser field distribution inside the flake 
is then being calculated by a transfer matrix formalism 
according to Fresnel law [29|. One thereby accounts 
for the 2.3% absorption of each graphene layer [5] as 
well as for the interference of multiple reflections of the 
excitation light between the two interfaces. Both effects 
play a relevant role since the luminescence intensity 
is proportional to the fourth power of the electric 
laser field distribution. Subsequently, each graphene 
layer is treated as a individual source of luminescence 
and its contribution is calculated by summing up the 
Fabry-Perot type reflections from the different inter- 
faces. Finally, the total luminescence intensity at the 
graphene-glass interface was calculated by integrating 
the intensity contributions from each individual layer. 
As can be seen from Figure 21 the model reproduces 
the experimental dependence quite well, particularly for 
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FIG. 3. Flake consisting of several parts of different thickness 
examined by AFM (a) and by imaging of the blue-shifted 
fluorescence signal (b). In (c) the profiles along the white 
lines are shown with the number of layers indicated at the 
bottom. The blue-shifted fluorescence was recorded in the 
spectral range from 650 nm to 750 nm. The substrate was 

Si/Si3N4. 
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FIG. 4. Calculated dependence of the luminescence intensity 
on the number of graphene layers together with the exper- 
imental data. The inset shows a sketch of the underlying 
model. The red arrow symbolized the laser excitation while 
the black arrows show the luminescence contributions from 
a single graphene sheet taking into account multiple reflec- 
tions at the different interfaces. We describe here the case of 
graphene on glass substrate however the model can be modi- 
fied for any dielectric substrate. 
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thin flakes. The deviation between the experimental 
and the theoretical values for thicker flakes is potentially 
due to saturation of the photodetector at higher count 
rates. It is important to note, that the model shown 
here is based on incoherent contributions from different 
layers. However, using a model with flxed phase relation 
between the emission and the excitation yields to a 
thickness evolution which is far from the experimental 
observations. This supports our interpretation of the 
fluorescence nature of the emission. Also, the fact that 
the model describes the experimental data well without 
taking into account interaction of plasma from different 
layers shows that the plasma is strongly conflned within 
each layer. 

The strong dependence of the luminescence on layer 
thickness together with its brightness make it a good 
candidate for imaging single and multilayer flakes. Par- 
ticularly suitable for that purpose is the blue-shifted part 
of the luminescence since it combines the advantages of 
a second-order process with the absence of fluorescence 
background from the substrate or impurities. Figure [5] 
shows a flake imaged by the blue-shifted fluorescence 
and by standard optical wide-fleld microscopy for com- 
parison. It already becomes obvious that particularly 
for very thin flakes like the single layer in the top right 
corner of Figure [5] the visibility is strongly improved in 
case of the blue-shifted luminescence. Also, the contrast 
between layers of different thickness is surprisingly high. 
Both of this aspects will now be discussed in more detail. 
Based on the model presented above which contains no 
further fltting parameters it is possible to determine the 
numbers of layers for any arbitrary flake by comparing 
its intensity with the peak intensity for thicker layers. 
For example, it was found that the luminescence in- 
tensity from a single layer is 13% of the peak intensity 
while a double layer emits 25%. For comparison, the 
Raman 2D-line intensity of a single and a double layer is 
only 5% and 6% with noise of around 4% and the ratio 
therefore signiflcantly lower. This shows, that a major 
drawback of imaging graphene samples by observing 
the intensity of their Raman lines is the quite poor 
contrast between the bare surface and a single layer 




FIG. 5. Left: Optical wide- field microscopy image of a typical 
flake. Right: Imaging the same flake by mapping the fluores- 
cence between 650 nm and 750 nm (excitation with 890 nm). 
The flake was prepared on a 150 /im thick glass substrate. 



graphene due to rather low intensity of the Raman lines 
and strong background fluorescence f27j. In particular, 
imaging graphene by wide-fleld contrast and reflection 
microscopy is strongly limited since it also requires 
speciflc substrates [29]. However, in case of imaging 
graphene with the blue-shifted part of the fluorescence 
the situation is completely opposite: its occurrence is 
substrate independent, the signal is very strong and 
the background is very weak. This results in an image 

contrast deflned by C = {I graphene — I substrate) / 1 substrate 

of C = 200 in case of the blue-shifted fluorescence 
while for Raman measurements at equal laser power 
and acquisition time the contrast is around 0.2. Finally, 
unlike AFM measurements, our non-invasive optical 
method does not cause any defects as conflrmed by the 
absence of the Raman D line after imaging. 
In conclusion, we experimentally demonstrated fluores- 
cence of laser excited electron-hole plasma in graphene. 
Apart from studying interesting physics of high-density 
two-dimensional relativistic plasma, this fluorescence 
provides a very handy tool for visualizing graphene flakes 
and quantifying the number of layers in multilayered 
graphene. It adds another aspect to the arising graphene 
optical toolbox. As an outlook for future research related 
to this fluorescence, we would give a few examples, such 
that microscopy might enable one to follow the spatial 
dynamics of the laser induced plasma. Finally, graphene 
provides easy means to investigate the laser-induced 
plasma effects on its conductivity. 
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